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Abstract: A label-free localized surface plasmon resonance (LSPR)-based biosensor exploiting
gold nanorods (GNRs) is proposed and demonstrated. For this aim, 35± 5 nm long and 20± 4
thick GNRs spaced by a few nanometers thick polyelectrolytes (PE) from a gold thin film was
analyzed and synthesized. The morphology of the GNRs, the plasmon properties of GNRs,
swelling of PE layers and the wettability of the surfaces were characterized by transmission
and scanning electron microscopy, spectroscopic reflectivity and contact angle measurements,
respectively. Indeed, when immersed in a phosphate buffer saline solution, the GNRs-PE-gold
system shows an optical shift of the LSPR wavelength. This shift was found to correspond to a
vertical swelling of about 2 nm, demonstrating the extreme sensitivity of the biosensor. Finally,
we show that LSPR measurements can be used to detect dynamic resonance changes in response
to both thickness and buffer solution, while the hydrophobic behavior of the surface can be
exploited for reducing the number of liquid analytes in clinical biosensing application.
© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
1. Introduction
Localized surface plasmons (LSP) are collective oscillations of free electrons in a noble
metal arising when light impinges on metallic nanoparticles [1]. The scattering and absorption
properties of the excited plasmons depend on the type of metal, size and shape of the nanostructure,
refractive index of the surrounding environment and wavelength of light [1–3]. Various metal
nanostructures with controlled shape and size have been fabricated and applied within the
plasmonics framework [4,5]. Among them, gold nanorods (GNRs) have emerged as convenient
material that supports LSPR at longer wavelength. However, these nanoparticles are unstable
due to their high surface energy, and therefore require suitable surface modifications for their
stabilization, which will prevent aggregation [6,7]. The plasmonic response tuning range can
be further increased by plasmonic hybridization between self-similar particles [8,9] or between
nanoparticles and a metallic surface [10–14]. Polyelectrolytes (PEs) with controlled thickness
are often used to produce controllable dielectric layers between nanoparticles and the metallic
film [15]. GNRs-PE-films and LSPR have been already applied to monitor the pH of biological
fluids by an optical setup. The swelling behavior of PE films can be applied to nanomaterial
construction, enzyme immobilization [16] and to detect differences between proteins exploiting
different sizes and charges [17].
In this work, we report on the design, fabrication, characterization and calibration of a
GNRs-PE-film exploiting LSPR coupling. We employ GNRs spaced by a few nanometers thick
PE layer from a metallic film and exploit the strong distance-dependent GNRs-PE-film coupling
to measure a shift in the resonance of the system as a function of the dielectric spacer swelling.
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Isolated GNRs have two plasmon resonances: a transverse one, corresponding to a wavelength of
∼ 526 nm and a longitudinal one at a longer wavelength (in this study 692 nm), whose position is
determined by the aspect ratio of the nanorods. Characterization results, including scanning and
transmission electron microscopy, darkfield microscopy, optical reflection spectra and contact
angle measurements, highlight the ability of the device of real-time and label-free sensing. The
proposed system fabrication and its advantages for detecting dynamic resonances changes in
response to both thickness and different solution variations are discussed.
2. Experimental section
2.1. Materials
Cetyltrimethylammonium bromide (CTAB, ≥ 99%), gold (III) chloride trihydrate (HAuCl4
• 3H2O, ≥ 99%), silver nitrate (AgNO3, ≥ 99%), sodium borohydride (NaBH4, ≥ 99%), poly
(allylamine hydrochloride) (PAH,Mw∼17,500) and polystyrene sulfonate (PSS, 18 wt. % in H2O,
Mw ∼75,000) were purchased from Sigma Aldrich. Ascorbic acid (ACS grade) was purchased
from ACROS. Hydrochloric acid (HCl, certified 1 M) was purchased from J.T. BAKER.
2.2. Synthesis of gold nanorods
A seeds solution was prepared according to the methods reported in [18]. Briefly, 62.5 µL of 0.01
M of gold (III) chloride trihydrate (HAuCl4 • 3H2O) in water was added to 2.5 mL of 0.1 M of
hexadecyltrimethylammonium bromide (CTAB) in water at 25 - 30° C. 150 µL of ice-cold, freshly
prepared 0.01 M of sodium borohydride (NaBH4) was added at once to the stirred gold/CTAB
solution resulting immediately in a yellowish brown color. After 2 min stirring, the solution was
incubated at 37° C for 1 h. A growth solution was prepared adding 0.388 mL of 0.01 M of silver
nitrate (AgNO3), 2.5 mL of 0.01 M of gold (III) chloride trihydrate (HAuCl4 • 3H2O), 2.0 mL
of 1.0 M HCl, to 50 mL of 0.1 M CTAB solution at 30 °C. The growth mixture was gently stirred
for 15 min before the addition of 0.4 mL of freshly prepared 0.1 M ascorbic acid solution in
water. After approx. 30 sec vigorous stirring the solution turned colorless and was injected with
75 µL of the previously prepared seed solution. The GNRs were grown at 25° C overnight. The
GNRs were purified by centrifugation at 20000×g for 20 min. at 27° C. Most of the supernatant
solution was removed leaving approx. 1 mL and the residue was added to 10 mL water. The
centrifugation step was repeated twice-affording approx. 3 mL of final GNRs solution (1270 µg
Au/mL).
After synthesis, the CTAB protected GNRs were coated with ((1-mercaptoundec-11-yl)
PEG600)-acetic acid in a two-step procedure to remove the CTAB efficiently. Briefly, in the
first step, 3.0 mL of GNRs were mixed with 0.4 mL 200 mM acetate buffer pH 4.5, 0.6 mL of
water, 2.0 mL of ethanol, and 2.1 mL of 5 mM PEG thiol. The reaction mixture was stirred
at room temperature for 4 days and then the nanoparticles were purified by centrifugation and
resuspension in water/ethanol 80:20 (2×, 8800×g for 10 min. at 20° C) and in water (2×, 8800×g
for 10 min. at 20° C). This procedure afforded 1.0 mL of intermediate GNRs solution, which was
used directly in a second coating step. In this case, the GNRs solution was added to a mixture of
0.8 mL of 5 mM PEG thiol, 0.333 mL 300 mM carbonate buffer, and 1.86 mL of water. After 4
days stirring at room temperature, the GNRs were purified by centrifugation and resuspension in
4 mL water (2×, 5000×g for 20 min. at 20° C), ultrafiltration (Amicon Ultra-4 Centrifugal Filter
Units, regenerated cellulose – 100 kDa from Millipore) washing with 10 mM NaHCO3/ethanol
80:20 (3 × 4 mL), 10 mM NaHCO3 (1 × 4 mL), and with water (1 × 4 mL). The GNRs were
taken up in 0.344 mL of water and further purified via gel filtration (Illustra NAP-10 columns
from GE Healthcare) obtaining 1.5 mL of purified, PEG-coated, GNRs in water (approx. 600 µg
Au/mL).
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2.2.1. GNRs characterization
UV/Vis measurements were carried out using a TECAN Infinite M200 Pro plate reader or a Cary
5000 spectrophotometer. The UV-Vis spectrum of a representative GNR sample is shown in
Fig. 1(A). GNRs were imaged via TEM (JEOL JEM-1011 transmission electron microscope
operating at an accelerating voltage of 100 kV, Fig. 1(B)). The geometrical characteristics of the
GNRs were determined by evaluating the TEM images with the software Image J. [18] The GNRs
used in this work were 35± 5 nm long and 20± 4 thick. The concentration of gold was determined
via inductively coupled plasma-optical emission spectroscopy (Agilent 720 ICP-OES). The
measured gold concentrations (µg Au/mL) were converted into particle concentration (nanomolar,
nM) assuming the shape of a GNR to be a cylinder with spherical caps.
Fig. 1. (A) UV-Vis-NIR spectrum of GNRs. (B) TEM image of GNRs as fabricated.
2.3. Polyelectrolyte (PE)-based spacer layer preparation and gold nanorods deposition
Thin gold films (50 nm) were deposited onto a silicon wafer by an electron beam evaporation,
using a 5 nm thick titanium film as an adhesion layer. Samples were cut to size before the
deposition of the polyelectrolyte (PE)-based spacer layer and the GNRs.
Gold film on the samples was cleaned rinsing with acetone and isopropyl alcohol and finally
dried with nitrogen gas. The PE-based spacer layer was obtained by Layer-by-Layer (LBL)
deposition [19,20] alternating positively charged poly (allylamine hydrochloride) (PAH, 15,000
g/mL) and negatively charged polystyrene sulfonate (PSS, 75, 00 g/mL, 18% wt in H2O). The
gold-coated substrates were immersed in an aqueous solution containing 0.003 mol of monomer/L
PE and 1 M sodium chloride (NaCl) for 5 minutes, rinsed thoroughly with a gentle stream of
ultrapure water and immersed in fresh 1 M NaCl for 1 minute. The substrates were again washed
with ultrapure water before each subsequent deposition step of an oppositely charged PE. Finally,
the samples were gently dried with a stream of high purity nitrogen gas. We choose the 5 min
deposition time for the PE layer films based on Moreau et al. [10] protocol, that demonstrates that
the thickness of the polyelectrolyte layer is around 1 nm before deposition of the nanoparticles.
Aqueous solutions of PSS and PAH in 1 M NaCl were at pH 5.7 and 6.0, respectively. LBL
deposition always started and finished with the cationic PAH layer to facilitate the attachment to
the gold film [20,21] and the immobilization of the ((1-mercaptoundec-11-yl) PEG600)-acetic
acid- coated GNRs via electrostatic interactions.
Deposition of the GNRs onto the PE spacer layer was done by drop casting, i.e. delivering
the undiluted GNR solution onto the samples surface, followed by an incubation time of 1 hour.
Afterward, the samples were rinsed with ultrapure water and dried with a stream of high-purity
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Fig. 2. Schematic representation of the GNRs-PE-film sample (not in scale).
nitrogen. A schematic representation of the final GNRs-over-metal film system is depicted in
Fig. 2.
2.3.1. Gold nanorods-film plasmonic characterization
After GNR deposition, morphological characterization of the final sample was carried out by
scanning electron microscopy (SEM) on a Dual Beam FIB/SEM Heli-osNanoLab600i instrument
(Fig. 3(A)). The electron micrographs show that GNRs are randomly oriented on the surface of
the sample. Nevertheless, their random orientation is not expected to cause any problem because
it is well known that the pattern does not affect the resonance properties of the system [10].
   
Fig. 3. (A) SEM image of GNRs adsorbed on the thin gold film sample;(B) Dark-field
scattering images of gold nanorods adsorbed on a thin gold film; PE layer thickness: thickness
3 nm.
The plasmonic properties of the GNRs-PE-film decorated samples were investigated via optical
reflectivity. Scattering measurements were performed on all samples characterized by different
thickness of the PE-spacer layer via dark-field microscopy. Figure 3(B) show the typical dark-field
scattering images for GNRs adsorbed on 3 nm of PE-spacer layers on top of a thin gold film [22].
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2.3.2. Sensor surface characterization
The surface wettability for samples decorated with GNRs or without GNRs was investigated
determining the contact angle with the sessile drop method [23] by means of an OCA 15Pro
Contact Angle Tool (Data Physics) instrument. Contact angles were measured using either water
or phosphate buffered saline (PBS, pH 7, 4) solution and the reported values are averages of
three independent measurements. The drop images and the results of wettability measurements
are reported in Fig. 4, where similar behavior has been observed using water (Fig. 4(A)) or
PBS (Fig. 4(B)). The presence of GNRs decreases the contact angle to lower values, with a
difference of ∼20° between the surfaces not presenting and those presenting gold nanorods. As
expected, the degree of wetting and its properties are closely linked to surface morphology and
roughness. This difference confirms that by adding GNRs the surface keeps its hydrophilic
behavior, necessary for both pH detection and monitoring in any aqueous solution.
 
Fig. 4. Wettability measurements in sessile-drop mode: (A) with water drop, (B) with PBS
drop.
2.4. Optical setup for swelling studies
The PE-based spacer layer may undergo swelling depending on the characteristics of the solution
in which it is equilibrated. A custom-made optical setup was used to investigate the swelling
behavior of the PE-layer. Broadband, incoherent light (Ocean Optics HL 2000) passing through
a 100 µm pinhole was collimated with a lens (focal 250 mm), reflected by a beam splitter (50/50)
and focused on the sample with a low numerical aperture (NA), infinity-corrected objective (5x,
0.13 NA). The reflected light passing, through the beam splitter, was injected into a multimode
optical fiber with an objective lens (20x, NA 0.5) and sent to a spectrometer (Horiba Scientific
iHR320) equipped with an EMCCD camera (Horiba Scientific Synapse, 1600× 200 pixels. The
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plasmonic properties of the multilayer films were examined at different time points during PBS
immersion. Then, the films were dried to examine whether swelling influences the dry-state
thickness and to determine a “molecular memory” caused by previous treatment [24].
3. Results and discussion
Here we present, plasmonic structures composed of colloidally synthesized GNRs spaced by a
few nanometers thick PE from a gold thin film.
There are several appealing nanoscale properties of this plasmonic architecture. For example,
the plasmon resonance between the metal nanorods and the film can be controlled precisely by
varying the thickness of the PE spacer layer and the size of the rods. The resonance can be tuned
virtually anywhere from 800 to 1500 nm. We created a GNR-PE-film coupling sample with 50
nm of thin gold film, a PE spacer layer of different thicknesses (1 to 9 nm) and gold nanorods on
top. The spacer layer between the nanorods and the gold film is completely transparent at visible
and near-infrared wavelengths. Consequently, the observed absorption is due exclusively to ohmic
losses in the metal and scattering. In each case, the sample spectrum can be normalized with
respect to a blank spectrum of a gold film containing the respective PE layer and no immobilized
GNRs.
As typical with such nano-plasmonic systems, resonances are extremely sensitive to the
thickness and dielectric properties of the spacer layer, thus providing an effective way to optically
measure the gap dimension [11]. Based on our simulations, we expect a measurable reflectance
signal even for low GNRs surface coverage. The NIR optical response is shown in Fig. 5(A),
where changes in the refractive index (RI) of the nanoparticles surrounding medium (due to the
gap size increase) induced a clear blue shift in the LSPR position (Fig. 5(A) and Fig. 5(B)). These
measurements have been performed by UV-3600 spectrometer, Shimadzu.
Fig. 5. Experimental results of the tunability of the reflectance (A) and the position of the
resonance as a function of the spacer thickness (B).
Typically, a biosensor based on nanostructures and metallic films separated by PE layers
face significant challenges to be used in an aqueous solution. Thank our setup, we used the
GNRs-PE-film system to deduce sub-nanometer changes in the PE layer thickness by measuring
the LSPR shift in response to different aqueous solutions. It is well known that PE multilayers
containing at least one weak PE, such as PAH, will swell and deswell in response to PBS solution
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[25] because of protonation and deprotonation as a function of the buffer. A custom-made setup
was initially used for measuring the GNRs-PE-film sample in air (dry state).
Figure 6 shows representative GNRs-PE-film SPR data at different time points during buffer
immersion and after dry state. We have tested our samples by using three different buffer
solutions: Phosphate buffer saline (PBS, 10mM phosphate, 137 Mm NaCl, pH 7), carbonate
buffer (CB, 10mM sodium carbonate, pH 7.5) and carbonate buffer saline (CBS, 10 mM sodium
carbonate, 137mM NaCl, pH 7.5). We decided to use CB, both with and without NaCl 137 mM,
for investigating in the same condition if the swelling is due to Ionic Strength.
Fig. 6. The GNRs-PE-film SPR peak centroids are plotted over time, indicating semi-
reversible induced swelling in during immersion in three different buffer: (A) PBS, (B)
Carbonate and (C) carbonate with NaCl. All the study was made with 3 different PE layer
spacer layer thickness, 5- and 9 nm.
We started to control the effect of PBS only without swelling, at ‘time 0’, just to see the effect
of medium changing. Then we noted that the GNR-film samples immersed in PBS solution
revealed a blue-shit of the resonance, due to the PE layer swelling. After drying the sample, a red
shift behavior occurs, caused by the deswelling of the PE layer. The SPR peak wavelength as a
function of time shows that there is a semi reversible trend in the peak counts. At the same time,
the system does not show any significant molecular memory when dried after the PBS treatment.
This particular performance was verified in 5, 7 and 9 nm PE layer samples. Based on these
observations, the position of the plasmon resonance observed in our experiment is most likely
due to the increasing and decreasing of the thickness of the PE layer. In Fig. 6(A), it is shown that
immersion in PBS for 30 min of a 5 nm thick PE layer leads to an SPR resonance corresponding
to that of a 7 nm thick unswollen sample. The thickness increase as a consequence of the swelling
process is therefore about ∼ 2 nm. The same behavior is observed for 7nm and 9 nm PE layers.
The experimental results show also that by using only CB no swelling occurs (Fig. 6(B)).
Instead, when CBS is used, the same swelling behavior of the PBS buffer is achieved (Fig. 6(C)).
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These results show that the PE layer thickness is dependent on the ionic strength, [26,27].
4. Conclusions
We have illustrated the design and fabrication of an optical biosensor composed of GNRs spaced
by a few nanometers thick PE layer from a gold thin film. Our LSPR based biosensor is label-free
and shows high sensitivity to the local refractive index change, pointing out the potential for
multiplexed sensing and the capability of working as a biochemical sensor
The experimental on our architecture highlights that the observed resonances can be related to
the PE layer thickness and dielectric properties confirming that changes in the refractive index
of the GNRs surrounding medium induce a shift in the LSPR peak position. In addition, the
sensor can measure the effect of the buffer solution through swelling monitoring. Indeed, a 2
nm swelling, results in an LSPR wavelength shift of 2 nm due to PBS, at pH 7.4. The system
goes back to its previous state when the sample is dried, because of the PE layers deswelling,
without any significant “molecular memory”. In line with this, the present results envision
significant perspectives for label-free LSPR biosensing to evaluate cell performances, such as
force generation or proteins and enzymes characterization.
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